Radiation-induced intestinal fibrosis (RIF) is
INTRODUCTION
Fibrosis is defined as an excessive deposition of extracellular matrix (ECM) based on dysregulated wound healing after repetitive tissue inflammatory injury (1, 2) . Fibrosis occurs in various tissues after radiation injury (3) . Among various organs, the small intestine is especially sensitive to radiation injury and therefore remains a major dose-limiting organ in abdominal radiation therapy for pelvic tumor or peritoneal metastasis (4, 5) . Although many efforts have been made to minimize radiation toxicity of healthy tissues (for example, fractionated low-dose radiation) by careful exposure planning, more than half of the patients suffer from intestinal injury, including diarrhea, bleeding, and fistula due to acute death of crypt epithelium (4) (5) (6) . The most troublesome adverse effect of abdominal radiation therapy is intestinal fibrosis [radiation-induced intestinal fibrosis (RIF)], which frequently occurs months or years after irradiation (4, 5) . RIF causes intestinal narrowing and transmural fibrosis leading to obstruction. Thus, the development of a novel treatment for RIF is urgently required.
Immune responses are essential for inflammation and subsequent fibrosis of tissues (1, 2) . Whereas innate immunity initiates inflammation in response to tissue damage, acquired immunity enhances and sustains these responses. In addition, the development and activation of -smooth muscle actin-positive (-SMA + ) myofibroblasts (MFs) that produce large amounts of ECM are critical steps for fibrosis (7) . Various immune cells infiltrate into damaged tissues and develop mature MFs from the progenitors including fibroblasts, pericytes/mural cells, and bone marrow (BM)-derived fibrocytes via 2 of 14 the induction of cytokines and growth factors (1, 2, 7) . Among immune cells, T cells, especially T helper type 2 cells (T H 2), are important in the progression of many fibrotic diseases (8) . However, whether T cells are required for the induction of RIF and the role of other immune cells remain understudied.
Here, we found that eosinophils specifically accumulated in fibrotic submucosa (SM) in the small intestines of human and mouse after abdominal irradiation. Eosinophils interacted with -SMA + stromal cells in SM to promote RIF. Depletion of intestinal eosinophils induced by knockout mouse models, eosinophil-targeting antibodies (Abs), and chemical inhibitors effectively prevented RIF. Thus, our findings provide an immunopathological mechanism of RIF and suggest eosinophil depletion as a potential therapeutic strategy.
RESULTS

RIF is induced even in the absence of T cells
The major pathological features of RIF in human patients include thickened SM caused by severe ECM deposition and inflammation characterized by infiltration of immune cells ( fig. S1 ) (4) . To investigate the pathological mechanisms of RIF, we established a mouse model of RIF by administering abdominal -irradiation with shielding of the head, thorax, and limbs using lead blocks (9) . We preliminarily irradiated mice at various doses (6) and defined 12 Gy as the optimal dose for the analysis of RIF without inducing lethal acute gastrointestinal syndrome. At 12 weeks after irradiation, pathological lesions were analyzed macroscopically by magnetic resonance imaging (MRI), using T2-weighted image (T2WI) signals, which mainly indicate water content and are used to detect inflammatory lesions including edema (10) . MRI analysis showed that both T2WI signals and thickness of the bowel wall were increased in irradiated intestine, indicating the existence of intestinal inflammation (Fig. 1A) . Histological analysis showed typical morphological features, inducing SM thickening with edema and hyperplasia of muscular layer, both of which are well observed in human radiation-induced enteropathy (Fig. 1B) (4, 9) . SM thickening was caused by significantly increased deposition of ECM, including collagen fibers composed of collagen type I and type III (P < 0.01; fig. S2 ). Therefore, this mouse model develops pathological features similar to human RIF.
ECM deposition is primarily mediated by MFs, which usually differentiate from various precursors in injured tissues (1) . However, resident MFs are present in the subepithelial region of the small intestine like other specific tissues such as BM stroma and alveolar septa (11, 12) . -SMA + subepithelial cells were located immediately subjacent to the basement membrane from villus to crypt in normal small intestine, juxtaposed to the basement of intestinal epithelial cells (Fig. 1C) . Consistent with previous reports, subepithelial MFs exist as a syncytium, extending throughout the intestinal lamina propria (LP), which merges with -SMA + pericytes surrounding the blood vessels in some locations (CD31: marker of endothelial cells of blood vessels) (inset in Fig. 1C ) (12) . -SMA + cells in unirradiated mice were present just beneath the crypt (Fig. 1D) . Although -SMA + cells were still located subjacent to epithelial cells in villi, pericryptal -SMA + cell numbers were diminished in the fibrotic small intestine at 12 weeks after irradiation. -SMA + cells in the SM kinetically shifted from the crypt to the muscular layer of mucosa after irradiation (yellow arrowheads in Fig. 1D and fig. S3 ). Collagen deposits were detected between crypts and -SMA + cells in the SM (red arrows in Fig. 1D ). These data suggest that -SMA + cells are the primary collagen-producing cells in RIF and that excessive collagen deposition had broken down the syncytium structure of subepithelial -SMA + cells around crypts, allowing them to move toward the muscle layer after irradiation.
Under steady-state conditions, immune cells are located mainly in the villous core but not in the SM. However, infiltration of immune cells in the SM of irradiated mice was observed, consistent with RIF in humans. Previous studies reported that CD4 + T cells are crucial in the progression of fibrotic diseases (1, 2) . Here, we detected T cell infiltration of the SM of irradiated intestines ( fig. S4 ). To investigate T cell involvement in RIF, we used recombination activating gene 2 (RAG2)-deficient mice lacking mature lymphocytes. Rag2 −/− mice developed a thickened SM fibrous layer similar to Rag2 +/+ mice at 12 weeks after irradiation (Fig. 1E) . Thus, RIF was induced even in the absence of T cells.
Intestinal eosinophils are indispensable for RIF
We next examined the contribution of other immune cells in RIF. In addition to T cells, we observed an excessive infiltration of eosinophils in SM in both mice and humans receiving abdominal irradiation, although eosinophil numbers in villi remained unchanged (Fig. 2, A and B) . Transmission electron microscopy (TEM) analysis showed that eosinophils in the villi of irradiated mouse intestines had typical morphological features (for example, many eosinophilic granules) similar to those in the villi of healthy intestines. However, eosinophils infiltrating the SM after irradiation had cytoplasm with a loss of granular contents (Fig. 2C) . Such degranulated eosinophils observed in inflammatory and allergic disorders were regarded as activated cells (13) . Thus, these data suggest that eosinophils infiltrate the fibrotic SM and become activated after irradiation.
Next, we investigated the contribution of eosinophils to RIF using dblGATA mice lacking eosinophils (14 (Fig. 3A) (16, 17) . dblGATA mice lacked the CD11b hi CD11c int population in the small intestine (Fig. 3A) . The MRI analysis showed that both T2WI signals and thickness of the intestinal wall were attenuated in dblGATA mice at 12 weeks after 12 Gy of abdominal irradiation (Fig. 3B) . Furthermore, the thickened SM caused by collagen deposition was markedly reduced in dblGATA mice compared with wild-type (WT) mice (Fig. 3C) . Thus, these results suggested the importance of eosinophils in the pathogenesis of RIF. In support of this, we observed the infiltration of eosinophils into the fibrotic SM in Rag2 −/− mice to a similar extent as in Rag2 +/+ mice ( fig. S5) . A recent study reported that dblGATA mice also had decreased numbers of basophils (18) . We therefore investigated RIF in dblGATA mice reconstituted with eosinophils generated from BM progenitors (BMEos; fig. S6 ). The injection of dblGATA mice with BMEos every week after irradiation substantially reconstituted the CD11b hi CD11c int cell population in the small intestine (WT mice, 23.3 ± 2.0% versus BMEos-reconstituted dblGATA mice, 13.5 ± 3.5%; Fig. 3D ). Reconstitution of intestinal eosinophils resulted in a marked increase in radiation-induced thickening of the SM fibrous layer of dblGATA mice (Fig. 3E) . In proportion to SM thickening, comparable numbers of eosinophils infiltrated into the fibrotic SM of BMEos-reconstituted dblGATA mice (Fig. 3F) . Together, these data suggest that eosinophils are essential for RIF. CCL11 from -SMA + cells induces eosinophil recruitment to the SM We next investigated how eosinophils are recruited to the SM in RIF. Chemokine (C-C motif) ligand 11 (CCL11) is known to be induced in inflammatory sites to attract eosinophils in numerous diseases (17) . Unlike other organs, CCL11 is constitutively expressed in the small intestine under baseline conditions and regulates the recruitment of eosinophils to the LP (19) . To determine whether CCL11 was involved in the infiltration of eosinophils into the SM in RIF, we examined the expression of receptors for CCL11 by intestinal eosinophils. Although CCL11 is a ligand of C-C chemokine receptor 3 (CCR3) and CCR5 (16, 17, 20) , we detected only CCR3 expression on intestinal eosinophils (Fig. 4A ). Intestinal eosinophils migrated in response to CCL11 in vitro, and the CCR3 antagonist SB-328437 blocked the migration (Fig. 4B) , suggesting that intestinal eosinophils can migrate via the CCL11/CCR3 axis. Furthermore, infiltration of eosinophils into the SM and thickening of the SM fibrous layer after irradiation were markedly suppressed in Ccr3 −/− mice (Fig. 4 , C and D). Consistent with this, eosinophil infiltration into the SM and the SM thickening after irradiation were also suppressed by repeated injection of anti-CCR3 neutralizing Ab, which induced a median decrease in small intestinal eosinophil counts of >50% from baseline by a single injection (Fig. 4E and fig. S7 ).
We next addressed what cell types were involved in CCL11 production for the recruitment of eosinophils to SM after irradiation. To determine the source of CCL11 in SM after irradiation tissues, we analyzed Ccl11 mRNA expression in the small intestine by in situ hybridization (ISH). Ccl11 mRNA was mainly expressed in LP cells at the base of villi where eosinophils normally reside in control mice ( Fig. 2A and left panels in Fig. 4F ). By contrast, we observed an upregulation of Ccl11 mRNA in the SM of irradiated intestines. Double staining for ISH and immunohistochemistry with anti--SMA Ab indicated that Ccl11 mRNA expression was up-regulated in -SMA + cells in the SM of irradiated mice (Fig. 4F, right panels) . These findings suggest that pericryptal -SMA + cells are activated after irradiation and induce CCL11 to attract eosinophils to the SM.
Chronic crypt necrosis triggers activation of pericryptal -SMA
+ cells We then investigated how pericryptal -SMA + cells are activated for eosinophil recruitment after irradiation. Previous studies suggested that cytokines from T H 2 induced CCL11 production (21) . However, in this model, T cells had limited roles in the recruitment of eosinophils into the fibrotic SM after irradiation ( fig. S5 ). As an initial event of radiation-induced gastrointestinal toxicity, irradiation causes acute and extensive cell death in crypts (6) . Significantly higher levels of terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)-positive dead cells were present in crypts but not in villi for up to 12 weeks after irradiation (at 6 hours; P < 0.01, at 4 and 12 weeks; P < 0.05; Fig. 5, A and B) . Acute crypt cell death is induced by p53-mediated apoptosis (6) . An increase of TUNEL and cleaved caspase-3 double-positive cells were observed in the crypts within 6 hours after irradiation (Fig. 5A) . However, dead cells at 4 and 12 weeks after irradiation were negative for cleaved caspase-3, suggesting that crypt cell death in the chronic phase is caused by necrosis (22) .
In contrast to apoptosis, necrosis results in the extracellular release of high levels of intracellular components, which function as danger-associated molecular pattern (DAMP) that induces inflammation (23, 24) . Recent studies have suggested that activation of P2X receptors by extracellular adenosine triphosphate (ATP) released upon cell damage can contribute to the development of fibrosis in various organs, including lung, kidney, liver, pancreas, and heart (25, 26) . Deficiency of P2X7, one of the receptors for ATP, partially but significantly suppressed SM thickening and eosinophil infiltration into SM after irradiation (P < 0.05; fig. S8 ). Microarray analysis indicated that primary intestinal -SMA + cells also express other purinergic receptor such as P2X4 in addition to P2X7 ( fig. S9 ), which might cause the redundant phenotype of P2x7r −/− mice. PPADS (pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid) is a pan-antagonist for P2X receptors including P2X4 and P2X7 (27, 28) . At 12 weeks after irradiation, PPADS-treated mice showed significant attenuation of SM thickening and eosinophil infiltration into SM after irradiation when compared with nontreated mice (P < 0.01; Fig. 5C ), and the suppressive effects were higher than P2X7 deficiency ( fig. S10) . Thus, P2X receptors are the crucial factors for the pathogenesis of RIF, indicating that extracellular ATPs are important DAMPs as a trigger of RIF. Then, we measured the release of extracellular ATP from the small intestine. ATP was not released in the immediate postirradiation period (Fig. 5D ). However, ATP release was detected at later time points, suggesting that crypt necrosis triggers extracellular release of ATP in the small intestine after irradiation. We next tested which chemokines are induced in primary intestinal -SMA + cells by ATP using a chemokine array. Among the chemokines tested, only CCL11 expression was significantly up-regulated by ATP (P < 0.05; Fig. 6A  and fig. S11 ). We also confirmed that ATP up-regulated the mRNA expression of CCL11 in intestinal -SMA + cells in a concentrationdependent manner (Fig. 6B) . Collectively, these findings suggest that abdominal irradiation causes the chronic release of ATP at later time points after irradiation and that this ATP continuously activates pericryptal -SMA + cells to produce CCL11, thereby attracting eosinophils to the SM via CCR3.
Eosinophils activated by GM-CSF from -SMA
+ cells promote fibrosis We next investigated how intestinal eosinophils were activated in RIF. Although eosinophils are usually activated by T H 2 during allergy and helminth infections, RIF and eosinophil activation were induced in the absence of T cells (Fig. 1E) . Recent reports showed that interleukin-33 (IL-33) triggered eosinophil activation via innate lymphoid cell type 2 (ILC2) in various diseases (29) . We therefore investigated whether IL-33 deficiency affected the development of RIF in vivo. However, there was no difference in collagen deposition and eosinophil infiltration in the SM between Il33 −/− and WT mice ( fig. S12 ). In addition, we used mice deficient in RAG2 and the common  chain, which lacks ILC2 and lymphocytes (29, 30 fig. S13B) . Thus, unexpectedly, the IL-33/ILC2 axis is not essential during the pathogenesis of RIF.
These results prompted us to examine whether activated -SMA + cells are also involved in eosinophil activation in addition to their recruitment after irradiation. We assessed whether ATP stimulation activates primary intestinal -SMA + cells to express cytokines, which are reported to induce eosinophil activation (19) . ATP stimulation significantly increased the mRNA expression levels of IL-33 and granulocyte-macrophage colony-stimulating factor (GM-CSF; P < 0.01; Fig. 6C ). Intestinal eosinophils expressed a receptor component for GM-CSF (Fig. 6D) . In addition, pericryptal -SMA + cells expressed GM-CSF in the SM of irradiated intestines (Fig. 6E) . We next investigated what responses GM-CSF induced in intestinal eosinophils. We comprehensively examined the profile of genes whose expression showed a >2-fold increase after GM-CSF stimulation in intestinal 
eosinophils (table S1
). GM-CSF is known to enhance eosinophil survival (16) . Accordingly, GM-CSF up-regulated prosurvival genes including the Bcl2 family and Pim-1. We found a significant up-regulation of transforming growth factor-1 (TGF-1; P < 0.01; Fig. 6F ), a major profibrotic mediator (1, 2). We then examined whether TGF-1 from intestinal eosinophils influenced collagen production by intestinal -SMA + cells. Culture supernatant of GM-CSF-stimulated, but not unstimulated, eosinophils significantly up-regulated the collagen type I mRNA expression by intestinal -SMA + cells in a TGF-1-dependent manner (P < 0.01; Fig. 6G ). In addition, as shown in Fig. 2C , we observed the degranulation of eosinophils in the SM of irradiated intestines. We therefore tested whether GM-CSF triggered the degranulation of intestinal eosinophils by detecting eosinophil peroxidase (EPX) release. Although GM-CSF alone had little effect on EPX release, costimulation with CCL11 enhanced EPX release (Fig. 6H) . All these data suggest that GM-CSF derived from activated pericryptal -SMA + cells activates eosinophils after irradiation, leading to the induction of proinflammatory responses including production of the profibrotic cytokine TGF-1 and eosinophil degranulation.
Anti-IL-5R Ab prevents RIF
Ongoing clinical trials suggest that Abs targeting IL-5, a critical cytokine for eosinophil maturation, proliferation, and survival, are safe, eosinophil lineage-specific, and an effective option for treating eosinophilic diseases (31) . IL-5-neutralizing Abs, including mepolizumab and reslizumab, substantially reduce circulating eosinophils and ameliorate eosinophilic airway disorders such as asthma (31, 32) and are now approved for clinical usage (33) . However, IL-5-deficient mice show reduced eosinophil levels in the blood but not in the small intestine (34) , implying that IL-5 neutralization may be insufficient to induce potent and long-lasting reduction of small intestinal eosinophils for ameliorating RIF. Benralizumab is a humanized, afucosylated monoclonal Ab against human IL-5 receptor alpha (IL-5R) (31, 32) . Benralizumab can induce almost complete depletion of circulating eosinophils not only by IL-5R antagonism but also by Ab-dependent cell-mediated cytotoxicity (ADCC) and is considered to have enhanced efficiency of eosinophil depletion when compared with IL-5-neutralizing Abs. We therefore assessed efficacy of anti-IL-5R Ab against RIF. We generated a chimeric monoclonal Ab cmIL5Ra1b12 with high binding affinity to mouse IL-5R (K d = 3.17 × 10 −11 M), composed of rat immunoglobulin G1 (IgG1) Fab fragment and afucosylated Fc portion of mouse IgG2a, which induces potent ADCC in mice (35) . cmIL5Ra1b12 specifically recognized Ba/F3 cells ectopically expressing IL-5R (mIL-5R/Ba/F3 cells) and completely inhibited their proliferation in response to IL-5 ( fig. S14, A and B) . Notably, cmIL5Ra1b12 triggered ADCC against mIL-5R/Ba/F3 cells cultured with effector cells (fig. S14C) . A single injection of cmIL5Ra1b12 into mice at doses above 1 mg/kg induced a median decrease in blood eosinophil counts of >90% from baseline (control, 1.62 ± 0.55 × 10 5 cells/ml versus 1 mg/kg, 0.12 ± 0.03 × 10 5 cells/ml) within 1 week (Fig. 7, A and B) . This reduction was maintained for 2 weeks when injected with cmIL5Ra1b12 at 5 and 25 mg/kg and for 4 weeks at 25 mg/kg. Thus, consistent with human studies, anti-IL-5R Ab strongly depletes eosinophils in mice. cmIL5Ra1b12 reduced small intestinal eosinophils and achieved 70% reduction (control, 1.07 ± 0.12 × 10 6 cells per intestine versus 25 mg/kg, 0.23 ± 0.02 × 10 6 cells per intestine) through 4 weeks by a single injection at 25 mg/kg (Fig. 7, C and D) . Therefore, we repeatedly injected cmIL5Ra1b12 (25 mg/kg) every 4 weeks from 4 weeks before irradiation. At 13 weeks after irradiation, cmIL5Ra1b12-treated mice showed 80 to 90% reductions in intestinal eosinophils ( fig. S15 ), leading to marked reductions in eosinophil infiltration in SM and attenuation in SM fibrosis (Fig. 7E and fig. S16 ). As such, we propose that anti-IL-5R Ab treatment is a promising approach for suppressing RIF.
DISCUSSION
Here, we performed a detailed analysis of the immunopathological mechanisms underlying RIF by using a mouse abdominal irradiation model, which mimics human chronic enteritis after radiation therapy and develops irreversible fibrosis in the small intestine. Consequently, we revealed that RIF is mediated by immune-nonimmune cell interactions between eosinophils and pericryptal -SMA + cells. Irradiation elevated extracellular ATP levels due to chronic crypt necrosis, which induced CCL11 and GM-CSF expression by pericryptal -SMA + cells that attracted and activated eosinophils, respectively. TGF-1 from GM-CSF-stimulated eosinophils promoted collagen expression by -SMA + cells. Thus, radiation-induced injury mediated mutual activation of eosinophils and -SMA + cells that collectively contributed to SM fibrosis.
An interesting finding is that the activating mechanism of eosinophils to promote fibrotic reactions in RIF differs from those of other fibrotic diseases. Recent studies reported that eosinophils are important for tissue remodeling such as epithelial hyperplasia and collagen accumulation in eosinophilic esophagitis (EoE) (36) (37) (38) . Immune sensitization to various foods and subsequent T H 2-polarized inflammation in the esophagus might be closely related with EoE development, indicating the T H 2/eosinophil axis is important during EoE pathogenesis (39) . Furthermore, the importance of CD4 + T cells was demonstrated in experimental fibrosis models of the liver, lung, and kidney, as well as those of inflammatory bowel diseases (IBD) (1, 2, 40) . By contrast, RIF was induced in the absence of T cells. ILC2 also activates eosinophils via the secretion of type 2 cytokines including IL-5 and IL-13 (29) . It was demonstrated that ILC2 is activated by IL-33 via the IL-33 receptor ST2 (29, 30) . Recent reports showed that the IL-33/ILC2 axis was essential for fibrosis of the lung and liver (41, 42) . The IL-33/ILC2 axis was also dispensable for RIF. Thus, the pathological mechanism of RIF is prominent compared with IBD, lung, and liver fibrosis models, in that eosinophil activation is not mediated by immune cells involved in type 2 immunity, but likely by a complete innate mechanism, as Rag2-deficient mice had unabated RIF. RIF is unique among eosinophil-mediated fibrotic diseases in that resident -SMA + cells are involved in both the recruitment and activation of eosinophils.
Our findings suggest that RIF may be suppressible by blockade of undesirable -SMA + cell-eosinophil interactions after irradiation, such as through targeting P2X receptor activation and the CCL11/ CCR3 axis-dependent chemotaxis. On the basis of these findings, we aimed to test the potential of an eosinophil-directed therapeutic agent for RIF, particularly by using an anti-IL-5R Ab. This strategy was chosen as a reagent using the same mechanism of action that is now in advanced clinical stages. In particular, benralizumab, a monoclonal Ab against human IL-5R, induces near-complete depletion of blood eosinophils and shows strong antiasthma activity in humans (31) . Depleting eosinophils is a safe strategy because eosinophil-deficient animals are generally healthy, and anti-IL-5 and anti-IL-5R are safe in humans (31) . Therefore, we generated a new monoclonal Ab cmIL5Ra1b12 with high binding affinity to mouse IL-5R, which induces potent antagonism and ADCC, similar to benralizumab in humans. Anti-IL-5R treatment strongly suppressed eosinophil infiltration in the small intestinal SM and efficiently attenuated experimental RIF in mice. Thus, eosinophil-specific depletion by anti-IL-5R Ab might prevent the development or progression of RIF, allowing an increase in the maximum radiation tolerance dose of the intestine, which may help improve therapeutic outcomes in patients with pelvic tumors or peritoneal metastasis. As an alternative strategy to specifically reduce intestinal eosinophils, Ab therapy targeting CCR3 may also be promising.
Finally, there are some limitations of our study that will need to be investigated in the future. First, the cause of chronic crypt cell death after irradiation remains unclear. Although radiation-induced acute cell death is mediated by apoptosis, crypt cell death occurs by necrosis during the chronic phase, causing the release of extracellular ATP that functions as a DAMP. According to previous reports, vasculitis and subsequent vascular stenosis are hallmarks of chronic intestinal inflammation after irradiation (3, 4) . Disturbance of the peripheral circulation around crypts may be one possible cause of crypt necrosis. Furthermore, epithelial cell-MF interactions are important for gut morphogenesis (12) because pericryptal MFs secrete various growth factors, cytokines, neurotransmitters, and hormones, which contribute to stability of the crypt epithelium and gut homeostasis (12) . Subepithelial MFs are positioned parallel to intestinal blood vessels and exist as a syncytium with pericytes and fibroblasts (12) . ECM deposition in SM may alter vascular arrangements and the location of -SMA + cells around crypts. Destruction of epithelial cell-MF interactions may also cause chronic crypt necrosis. Clarifying the mechanisms might provide clues for new strategies to prevent RIF. Second, this study tested the preventive effects of eosinophil depletion on RIF, but not its curative effects. It would be valuable to address whether eosinophil depletion induces regression of established RIF. Third, it is important to consider the influence of eosinophil depletion on cancer development in planning the clinical treatment for RIF. On the basis of this research, future studies will provide optimal therapeutic options for the management of RIF.
MATERIALS AND METHODS
Study design
The objective of this study was to establish viable therapeutic strategies for RIF by clarifying the pathological mechanisms using specimens of fibrotic lesions in small intestines from mice and humans that received abdominal irradiation. dblGATA, Rag2
, and P2x7r −/− mice and their littermate controls on BALB/c background were exposed to 12 Gy of abdominal irradiation. Human normal and irradiated small intestinal samples were obtained from intact areas in patients with colorectal or cecal cancer and surgically resected specimens in patients with radiation enteritis during the chemoradiation therapy for colorectal or uterus cancer, respectively. In mice, manifestations of intestinal fibrosis at 12 weeks after irradiation were monitored by MRI and histologically investigated. -SMA, eosinophil major basic protein (MBP), collagen type I, GM-CSF, and CD3 were detected by immunohistochemistry. Cell death was investigated by TUNEL-and anti-cleaved caspase-3 staining. mRNA expression of CCL11 was histologically detected by ISH. Expressions of surface molecules of intestinal eosinophils were determined by flow cytometry. Migration of intestinal eosinophils was investigated using an in vitro Transwell migration assay system. Gene expression of eosinophils was measured by quantitative real-time polymerase chain reaction (PCR) and next-generation sequencing. Eosinophil degranulation was observed by TEM analysis and enzyme-linked immunosorbent assay. Protein and gene expression of -SMA + stromal cells were measured by proteome profiler Ab array, microarray, and quantitative real-time PCR. Therapeutic effects of eosinophil depletion on RIF were examined by treating mice with mouse IL-5R-targeting Ab cmIL5Ra1b12 or anti-CCR3. No statistical method was used to preliminarily determine sample size. We did not use exclusion, randomization, or blinding procedures. Primary data are located in table S2.
Radiation treatment
The abdomens of mice anesthetized with an intraperitoneal injection of pentobarbital sodium (30 mg/kg body weight) were exposed to 12 Gy of -irradiation at a dose rate of 88 cGy/min using a 137 Cs irradiator (Gammacell 40 Exactor; MDS Nordion). Other organs, above and below the abdomen, were shielded using lead blocks. PPADS (1 mg per mouse; TOCRIS Bioscience) was intraperitoneally administered three times per week for 12 weeks after irradiation. cmIL5Ra1b12 (25 mg/kg) was intraperitoneally administered at 4 weeks before and at 0, 4, 8, and 12 weeks after irradiation. CCR3 neutralizing Ab 83103 (5 mg/kg; R&D systems) was intraperitoneally injected every 2 weeks from 2 weeks before irradiation. MRI for in vivo imaging was conducted at 12 weeks (Supplementary Materials and Methods).
Histological analysis
Mouse small intestine was fixed in 10% formalin overnight and embedded in paraffin. Five-micrometer sections of mouse and human small intestine were stained with hematoxylin and eosin and observed under a light microscope (BZ-9000, Keyence). To visualize collagen fibers, we stained sections with azan staining. The thickness of the intestinal SM fibrous layer stained by azan was measured using the BZ-II Image Analysis Application (Keyence). -SMA, CD3, CD31, cleaved caspase-3, collagen type I, GM-CSF, and MBP were detected by immunohistochemical analysis, and Ccl11 mRNA was detected by ISH (Supplementary Materials and Methods). CD11b   hi   CD11c   int Siglec-F + eosinophils were isolated from small intestinal LP as described previously (7). Intestinal -SMA + cells were isolated from the small intestines of 5-day-old WT BALB/c mice as described by Lahar et al. (43) .
Culture of intestinal cells
Statistical analysis
The statistical significance of differences was evaluated using unpaired two-tailed Student's t tests. One-way analysis of variance (ANOVA) followed by the Tukey-Kramer post hoc test was performed for comparisons among multiple groups. P values less than 0.05 were considered statistically significant.
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